Molecular dynamics simulations of thin film buckling demonstrate that high compressive stresses are localized in the straight-sided wrinkle leading to the nucleation of dislocations, which are mobile and plastically release a large amount of the strain. As a consequence, the maximum deflection determined in the framework of elasticity theory is found to be overestimated. Finally, the resulting plastic deformation has been estimated and included in the expression of the deflection. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3033552͔
Depositing thin films on substrates is a widespread technology used for example in microelectronic industries, as it can confer specific electronic, optical, or mechanical properties to materials. High stresses may be generated in the film during the deposition process and may result in buckling and wrinkling, causing the loss of coating benefits. [1] [2] [3] [4] [5] Understanding this phenomena constitutes a key point toward an optimization of deposition processes. The buckling of thin films is mainly studied using the continuum mechanic theory of thin plates developed by Föppl and von Kármán ͑FvK͒ in the beginning of 1900s. The buckling-driven delamination has been fully characterized for straight-sided wrinkles and circular blisters. [6] [7] [8] [9] In particular, it has been established that a thin film may buckle when internal stresses are greater than a stress threshold and that the maximum deflection of the buckles increases as a square-root function of stress. Based on this elastic approach, the morphological characterization of buckling structures is now extensively used to estimate the mechanical properties of the films. [10] [11] [12] [13] Nevertheless, many results strongly suggest that plastic mechanisms may be involved in the buckling phenomenon. Plastic folding has been already experimentally evidenced around buckling structures on gold 630 nm thick films.
14 It was recently demonstrated that the presence of tilt boundaries results in the formation of buckling blisters with lower energy than the classical elastic ones. 15 Finally, Liu et al. 16 studied by molecular dynamics the behavior of bent Al single crystals, which is quite similar to the mechanical solicitations of a buckled structure. They demonstrated that partial dislocations are nucleated in compressive areas near the free surfaces at a resolved shear stress of 1.78 GPa.
In this letter, molecular dynamics simulations have been carried out to determine whether or not plasticity phenomena may modify or not the buckling structure already described at the upper mesoscale in the framework of elasticity. 6 Since the delamination process at the film/substrate interface has not been considered, the effects of the substrate have been discarded.
Al single-crystal thin film containing 17 280 atoms is constructed with the ͑O x ͒, ͑O y ͒, and ͑O z ͒ directions corresponding to the cubic lattice directions, where l =6a x 0 , L = 120a y 0 , and h = 5.5a z 0 are the length, width, and thickness of the considered plate, respectively, ͓Fig. 1͑a͔͒ with a x 0 , a y 0 , and a z 0 as the lattice parameters of the unstrained Al thin film.
Free surfaces are located at z = Ϯ h / 2 and periodic boundary conditions are applied in the ͑O x ͒ and ͑O y ͒ directions. The Al embedded-atom empirical potential used to model the interatomic interactions between the Al atoms has been chosen such that it reproduces correctly the dislocation core structures predicted from elasticity. 17 An optimization of the dimensions of the unstrained Al thin film is first performed by molecular dynamics simulations at T = 2 K and gives a x 0 = a y 0 = 3.99 Å and a z 0 = 4.04 Å. The Al films are uniaxially deformed in compression along the ͑O y ͒ direction in the following way. A homogeneous displacement v͑y͒ = ͑1+ 0 ͒y ͑with 0 from −1% to −8%͒ is applied to the atoms in the planar state. The width is consequently shortened to 2b = L͑1+ 0 ͒. In order to break the high-symmetry configuration of the planar state and initiate the buckling of the film, a small displacement w͑y͒ along the ͑O z ͒ axis is introduced. The system is then relaxed by molecular dynamics simulations at T = 2 K with a time step of 4.10 −15 s, assuming the boundary conditions hold,
It is noted that for all strains 0 , the profile of the buckled thin film is well fitted by a͒ Electronic mail: julien.durinck@univ-poitiers.fr. where w is the classical elastic solution for the displacement along the ͑O z ͒ axis 7 and ␦ is the maximum deflection ͓Fig.
1͑b͔͒. Figure 2͑a͒ shows that in most cases, the deflection does not vary for time steps greater than 1.2 ns, above which the simulated systems are considered at mechanical equilibrium. The maximum deflection ␦͑ 0 ͒ associated with the given strain 0 is then extracted from the relaxed configuration. In the following, atomic-level stresses have been computed from the considered configurations using the formulation developed by Vitek and Egami 18 for the embedded-atom method interatomic potentials. Finally, the dislocations are characterized by the Zimmerman's method, assimilating the Burgers vector as a slip vector determined at each position of atoms. 19 The evolution of the maximum deflection of the thin film with respect to the applied strain 0 is displayed in Fig. 2͑b͒ . Our simulation results are superimposed to the linear elastic theory predictions. In the case of a straight-sided wrinkle, the FvK equations give for the maximum deflection
where c is the critical strain below which a planar thin plate buckles into a straight-sided wrinkle. It corresponds to the averaged strain remaining in the buckled thin film 
͑4͒
For 0 ranging from −1% to −2%, the calculated maximum deflections extracted from the simulations in Fig. 2͑b͒ match with the expression of ␦ given by Eq. ͑3͒. For 0 ͓−2% , −7.7%͔, Eq. ͑3͒ based on the linear elasticity underevaluates the maximum deflections in comparison with the simulation results. This underestimation is explained by the fact that the elastic deformation of aluminum crystal exhibits a nonlinear behavior at large strains. 20 Anyway, in response to the imposed strain 0 , the thin film undergoes the classical elastic buckling. As seen in Fig. 3 , the absence of any defect such as dislocations confirms the fact that no plastic event occurs in the buckled film up to 0 = −7.7%. At 0 = −7.8%, a sudden jump from the elastic solution appears with a lower ␦ at the mechanical equilibrium. It can be noticed that this significant deviation coincides with the apparition of steps on the surfaces due to dislocation nucleation and gliding ͑see Fig. 3͒ . Dynamics of buckling for 0 = −7.7% and 0 = −7.8% can be compared by examining the corresponding curves ␦ = f͑t͒ in Fig. 2͑a͒ . For both strains, no plasticity takes place up to t = 0.26 ns leading to a very similar evolution of ␦. At 0.26 ns, a decrease in the slope is evidenced for 0 = −7.8%, which can be explained by considering the nucleation of dislocations. The strain is thus partially released by the plastic deformation. The analysis of the microstructure in terms of slip vectors 19 shows that a 1/6͓121͔ Shockley dislocation is nucleated in the ͑111͒ plane from the z =−h / 2 surface at the top of the straight-sided wrinkle ͑y =0͒. Later, the second 1 / 6͓112͔ trailing partial dislocation is nucleated, producing a 1/2͓011͔ shear of the crystal. Because of the use of periodic boundary conditions along the ͑O x ͒ axis, each dislocation line crossing one boundary of the simulation cell is reintroduced at the other symmetric one, which explains the formation of the structure observed in Fig. 3 and made of regularly spaced steps. The considered stress level, experimentally determined by x-ray diffraction or curvature methods, 21, 22 corresponds to the averaged value over the thickness. Nevertheless, a variation in stress takes place through the thickness of the buckled film. According to the FvK's theory of thin plates and using the Eq. ͑2͒, yy is equal to
where e yy is the averaged value of yy in the buckled thin film. e yy = 0 + e , where e is the relaxed elastic deformation resulting from the lengthening of the film during buckling, 
Finally, in the case of an isotropic material and with zz =− yy / ͑1−͒ ͑because zz =0͒, the components of the stress tensor are equal to yy = xx / = E yy / ͑1− 2 ͒,
where 0 = E 0 / ͑1− 2 ͒ with E the Young's modulus and the Poisson's ratio. Thus Eq. ͑7͒ shows that buckling leads to a stress gradient in the film characterized by a compressive and tensile stress concentrations located at y = 0 near the lower and upper free surfaces of the film, respectively. The calculation of the yy component of the stress tensor at t = 0.26 ns just before any nucleation of dislocations gives a maximal value of 6.5 GPa in compression and 2.0 GPa in tension in the thin film ͑Fig. 4͒, in close agreement to the predictions of Eq. ͑7͒. The resolved shear stress of ͑111͓͒121͔ slip system reaches consequently a maximum stress of 1.7 GPa for 0 = −7.8% in the compression areas. This result is in good agreement with the work of Liu et al., 16 which shows that for a cell of a single bent Al crystal defined with the following axes ͑O x ͒ = ͓111͔, ͑O y ͒ = ͓101͔, and ͑O z ͒ = ͓121͔, dislocations can be also nucleated from the free surfaces of the crystal. With such an orientation, the observed partial dislocations nucleated in ͕111͖ slip planes rapidly self-annihilate, with a slip distance of 1.39 nm. In our crystallographic configuration, the glide plane extends from the top to the bottom of the straight-sided wrinkle so that once nucleated, a dislocation can sweep a large area leading to a significant plastic deformation. Thus, the compressed buckling structure is not only relaxed by elastic deformation e but also by a plastic one p . This plastic deformation p along the ͑O y ͒ axis is evaluated by considering the number n of steps produced on surfaces by a dislocation of Burgers vector ͓b x , b y , b z ͔ as follows:
At the end of the simulation, for t = 1.2 ns, it has been found that eight steps have been produced, which are coming from the emergence of the perfect 1/2͓011͔ dislocation ͑Fig. 3͒. It leads to a plastic deformation p = −3.4%, showing that a large part of the strain 0 = −7.8% is plastically relaxed. This clearly explains the sudden jump of the maximum deflection of the buckling structure due to the propagation of dislocations once they have been nucleated. The final morphology of the buckle matches the pure elastic behavior given by 0 − p as observed in Fig. 2͑a͒ . As a consequence, Eq. ͑3͒ needs to take the plastic deformation into account and thus becomes ␦ = 4b ͱ c − ͑ 0 − p ͒.
͑9͒
In conclusion, this work demonstrates that plasticity may occur and contribute to the deformation of thin films during buckling. It has been emphasized that plastic deformation due to the dislocation glide releases a large amount of the strain 0 leading to an overestimation of the maximum deflection calculated in the framework of elasticity theory. Finally, it can be stated that continuum mechanics should be carefully used to model the buckling of thin films when the level of stress is higher enough such that plasticity phenomena take place.
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